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INTRODUCTION 
Chemical processes involving crystallization, regardless of whether it 
is cooling crystallization, salting-out crystallization or reaction crystal­
lization, have seldom been studied systematically because until recently 
crystallization has been considered as an art rather than a science. Con­
siderable theoretical work has been done recently in studying continuous 
mixed suspension, mixed product removal (MSMPR) crystallizers (4,16,21,27, 
29,30,33). An extensive theoretical study of unsteady state MSMPR crystal-
lizer was done by Randolph and Larson (29). A steady state model of the 
size distribution was derived in their study, which can be written as 
follows : 
n = n° exp(-L/r Ï ) (l) 
o o 00 
where n^ is the steady state population density, n° is the steady state 
nuclei population density, L is particle diameter, r^ is the steady state 
growth rate and T^ is the steady state residence time. The population 
ixcnsity n is defined as the rate of change of the number of crystals with 
respect to size in a given crystal distribution. This equation was also 
derived previously in a less general way by Bransom e;t (1+) and Saeman 
(30). Experimental work based on this model can yield very useful informa­
tion which may be used to improve operation and control of continuous 
crystallizers. Application of this model for the study of the processes 
involving crystallization could bring out important advances. 
The process of the present study was the traditional wet-process for 
phosphoric acid manufacture. This is one of the most complex processes 
involving crystallization and probably the least studied from the view 
point of continuous crystallization. The development of wet-process 
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phosphoric acid manufacture is closely associated with the production of 
chemical fertilizers. Numerous wet-processes (10,17,31) have been develop­
ed over a long period of time. From a chemical point of view they have the 
common feature that phosphate rock is treated with sulfuric acid resulting 
in the liberation of phosphoric acid and formation of calcium sulfate in 
one or more of its crystal forms, followed by separation of the solids from 
the liquid. One or more of the following reactions take place in the wet-
process phosphoric acid production depending upon the process. 
^*10^2(^04)6 + HgPO^ ^  10 CafHgPO^ig + 2HF (2) 
+ HgSO^ ^  CaSO^ + 2 H PO^ (3) 
CaioF^CPOj^)^ + 10 HgSO^ 10 CaSO^ + 6 H PO^ + 2HF (4) 
The problems associated with the crystallization of calcium sulphate 
created major difficulty when the world's first phosphoric acid plant was 
established at Biebrich, Germany in I870, and this position has not changed 
much even today (37). The wet-process is identified by the type of the 
calcium suJfate crystals formed, namely, dihydrate, semihydrate or 
anhydrite. In most of the wet-process plants in the United States calcium 
sulfate is crystallized as gypsum (dihydrate). 
The principal objectives (37) of any phosphoric acid process are to 
(1) extract the maximum amount of from the phosphate rock, 
(2) precipitate rapidly filtering and easily washable calcium sulfate 
crystals, 
(3) produce phosphoric acid having as high a concentration as possible, 
(4) maintain continuous production over loug periods at debigii 
capacities 
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(5) minimize operating labor and maintenance cost, 
(6) have safe, clean plant operation with absence of air and stream 
pollution. 
Relatively few plants achieve (37) all these objectives, often because of 
an insufficient knowledge of fundamental principles. 
Very little work has been done in studying the wet-process from the 
crystallization point of view. The present day problems of wet-process 
plants fall into the category of mainly crystallization problems. This 
is so because calcium sulfate is a sparingly soluble salt in phosphoric 
acid, which makes the growth and nucleation kinetics very unfavorable for 
good crystallization. Moreover, calcium sulfate crystallizes in different 
forms and habits depending upon operating conditions. The size of the 
crystals formed is generally between 0 and 150 microns, with a major 
portion of the crystals of size less than ItO microns. The filtration and 
the washing of these fine crystals free of phosphoric acid is the most 
difficult and economically critical part of the process. Any amount of 
acid that is retained in the filter cake is lost. This type of loss has 
been reported to be as high as 10 percent of the theoretical yield. 
Most of the wet phosphoric acid produced is used in the production of 
triple superphosphate and ammonium phosphate. In 1955 U.S. plants pro­
duced only 885,000 tons of wet phosphoric acid. The production estimate 
(2H) for 1965 is 2,550,000 tons. Considering this quantity, even a small 
increase in the recovery of phosphoric acid amounts to significant savings. 
Commercial processes in use today recover 85 to 95 percent of PgO^ in the 
rock phosphate as phosphoric acid, ajid the rest generally is lost with the 
gypsum. In addition to the losses due to poor filtration and washing are 
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the losses due to unreacted phosphate rock and incorporation of the P0|^ 
ions in the gypsum crystal structure. Under poor crystallization condi­
tions some of the rock particles become coated with calcium sulfate and 
are lost in the waste gypsum, as unreacted rock phosphate. Gypsum and 
dicalcium phosphate have almost identical crystal structures and under 
poor control, may form a solid solution resulting in a phosphate loss. 
It would be desirable to produce phosphoric acid which could, be used 
directly without further concentration of the acid. Wet phosphoric acid 
is a highly impure, viscous liquid with large amounts of scale forming 
and corrosive compounds dissolved in it. Increasing the concentration of 
such an acid has always been a very difficult operation. Wet-processes 
crystallizing gypsum can produce acid of only 30 to 32 percent con­
centration. Further concentration of this acid is necessary for its use. 
Processes based on semihydrate or anhydrite can produce a higher concen­
tration acid but they have not received proper attention in the past 
because of the unavailability of suitable materials of construction which 
resist the higher temperatures that are required. Now with the economical­
ly available newer materials of construction a.need for a process based on 
semihydrate crystallization exists. Recently (lO) Tennessee Valley 
Authority has started development of a wet-process which crystallizes 
calcium sulfate as semihydrate. Unfortunately, in the development of the 
process, as in the past for gypsum processes, fundamentals of crystalliza­
tion and the theory of crystallizers have been ignored completely. Con­
sequently, problems encountered by TVA are not very different from :hose 
existing in gypsum processes. 
It was the intention of this study to apply the fundamental principles 
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of crystallization and the theory of MSMPR crystallizers developed hy 
Randolph and Larson to the reaction crystallization of calcium sulfate 
in a phosphoric acid process. Further it was intended to propose a 
complete process which would meet most of the objectives laid down before. 
An additional objective was to undertake investigation on some of the 
details of the new process and specify the conditions of various operations. 
6 
LITERATURE REVIEW 
Crystallization Theories 
The reaction between calcium fluorapatite and sulfuric acid has been 
given very little attention from the stand point of crystallization. This 
reaction crystallization is generally known by the false name of precipi­
tation. Precipitation is an extremely important crystallization process 
but regrettably it is often not looked upon as such. It has been suggested 
(25) that those interested in precipitation emphatically should study it 
as a crystallization phenomenon, particularly paying attention to differ­
ential solubility. 
Crystallization consists of two processes, nucleation and growth. 
Exact mechanisms of these processes are not yet fully known. Nucleation 
is considered to be due to thermodynamically stipulated variations of con­
centration, called fluctuations (8). These fluctuations consist of com­
plexes of two or more molecules. Some of the fluctuations reach a size 
possessing the same thermodynamic potential as the surrounding solution. 
A nucleus is defined (8) as a fluctuation fulfilling this condition. 
Fluctuations smaller them this critical size possess a predominant tendency 
to split, while those greater than this size possess a predominant tendency 
to grow. 
Many different theories of growth (6,12,19,3^,35) have been proposed. 
Of these, Volmer's theory (35) based on an adsorbed state has gained con­
siderable ground. His conclusion was that the growth process consists 
essentially of the continued addition of the repeatable step. Some im­
portant general conclusions regarding crystal growth and geometry are 
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summarized by McCabe (20) as follows; 
"1. A crystal that grows 'onder constant external conditions remains 
very nearly geometrically similar to its original shape but 
relatively slight changes in conditions may alter the shape. 
2. The addition of small a;iiounts of foreign substances may pro­
foundly affect the shape of a growing crystal and its rate 
of growth. 
3. Different faces of the same crystal usually have different 
translation velocities. 
U. Although the exact mechanism and the order of reaction of the 
growing process are not definitely Icnown, the rate of growth 
of any particular face in grams per square centimeter is a 
function of the supersaturation of the bulk of the solution 
in contact with that face. 
5. It is very doubtful that the differences in solubilities of 
the various faces of a single crystal or of different size 
particles of the same material, are large enough to influence 
crystal growth unless the crystals are less than about 2 
microns in diameter." 
Crystallizer Theories 
The practice of industrial crystallization has developed very largely 
as an art guided until recently (4,27,29,30) by the application of only 
elementary crystallization theories. McCabe (20) prescribed a number of 
rules? which have become important for industrical oryst-alTi 7,atxon, The 
development of a suitable theory for crystallizers has been hindered by 
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the lack of reliable experimental information on nucleation and growth, 
generally arising due to an inability of the present day techniques to 
study these molecular processes. McCabe (20) observed that under a 
variety of conditions the growth rate was proportional to supersaturation 
and was independent of the crystal size. This observation is referred to 
as McCabe's AL Law, that is each crystal in a suspension will grow the 
same length in a given time if subjected to tne same conditions. However, 
later work has shown that large deviations from the t.L Law occur if dif­
fusion controls crystal growth. 
In an article by Saeman (30) the theoretical size distribution in a 
mixed suspension without classified discharge is derived, assuming growth 
rate as a function of supersaturation only. Bransom e^ al. (U) treated 
the theoretical case of a crystallizer of the mixed suspension type. In 
this work the basic growth rate was assumed to be a function of super-
saturation and size of the crystals as well. Saeman (30) and Bransom e^ 
al. (4) derived a steady state relationship between population density 
and particle size for continuous mixed suspension crystallization. This 
relationship is expressed by the following equation: 
n = n° exp(-L/r T ) 
o o o o 
where n^ is the steady state population density, n° the population density 
of nuclei, L the particle diameter, r the steady state growth rate and T 
the steady state residence time. It has been shown (21,27,33) that this 
equation accurately fits data from small experimental as well as large 
commercial crystallizers. 
An extensive theoretical studj- of unsteady state crystallizers has 
been carried out by Randolph and Larson (29). They derived important 
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equations from a crystal numbers balance. Their derivation was based on 
an arbitrary suspension subjected to the following constraints. 
1. The suspension occupies a variable volume V enclosed by fixed 
boundaries, except for a free gravity surface. 
2. This volume has inputs and outputs which cein be considered 
mixed across their respective pipe diameters, but the sus­
pension contained in the volume under consideration is not 
necessarily mixed. 
3. The particles in the suspension are small enough and numerous 
enough to be considered a continuous distribution over a 
given volume element of the suspension. 
Wo particle breakage occurs, except possibly the chipping of 
a particle into unequal, pieces such that one piece is 
essentially unchanged in size while the other is small 
enough to be considered a nuclei. 
Using the conservation relationship, accumulation = input-output, 
they obtained the following numbers balance for particles in an arbitrary 
size range to L^. 
^ ndLdV = [Q n - Q n IdL (5) dt ^ 1 1 ° ° 
where n is the total population density, V is the total suspension volume 
and n^, and n^, are population density and flow rate of the input 
and the output streams respectively. By using the rule of Leibnitz on 
the left hand side of Equation 5 and rearranging they obtained 
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( tit + 3L av + 41 _ Q.n. + = 0 (6) 
where is the local population density of crystals at the suspension 
surface and is considered constant across the surface. The first term, 
inside the integral represents the transients in population density of a 
given size. The second term represents the bulk transport of crystals 
into and out of the size range due to their growth. The third term 
represents changes in population due to changes in total suspension 
volume. The fourth and fifth terms represent inputs and outputs of 
crystals. 
For a continuous, mixed suspension, mixed product removal crystal-
lizer operating under following constraints: 
1. constant suspension density 
2. no crystal seeding 
3. McCabe's AL Law holds 
Equation 6 reduces to the following form, 
_ E (Y) 
at ^ T 
where T is the residence time, V/Q. For steady state operation. Equation 
7 (subscript o for steady state is deleted for simplicity) reduces to 
t = - î f  < 8 )  
Integrating this, 
/ (9) 
n 0 
o 
n = n° exp(-L/rT) (lO) 
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where n° is the population density of crystals of zero size (nuclei). 
This equation is identical to Equation 1. Randolph and Larson (29) 
using a mass balance also showed that under the mentioned constraints, 
growth rate must be related to the total crystal area in suspension as 
fnl lows 
Kg K^F 
I- = « = — (11) 
T / nL^dL 
o 
where and are proportionality constants, F is production rate and 
A is total crystal surface area evaluated as 
A = J nL^dL = 2 n°(rT)^ (12) 
o 
where is an area shape factor for the crystals. 
Chemical Reactions 
The principal reactions (37) in the wet-process phosphoric acid 
manufacture are as follows: 
^*10^2(^04)6 + ikHgPO^ ^  10Ca(H2P0^)2 + 2HF (13) 
HpO 
CaCHgPO^)^ + HgSO^ ^ CaSO^.nHgO + 2H PO^ (l4) 
n = number of water molecules associated with calcium sulfate 
crystals. 
Besides these two reactions, several others take place between phos­
phate rock impurities and either the phosphoric acid or sulfuric acid. 
A typical analysis (31) of Florida phosphate rock is given in Table 1. 
Besides these major constituents, there are present compounds of various 
other elements (37) in small amounts in the phosphate rock. The ideal 
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Table 1. Typical analysis of Florida phosphate rock 
Component CaO ^2°5 *^^2 ^ ^®2°3 ^^2°3 ^^°2 
Wt. % 1+6-50 30-36 l.$-4'4 3*3-4 0'7-2'6 0'T-1«1 7.3-9*8 
TOTAL 
MgO 80. HgO 
0*04-0*5 0'3-l'5 2-6-7*3 
rock, from a process standpoint, has a maximum P^O^ content and minimum 
impurities. In addition to reducing the available P^O^ content in the 
rock, impurities can also increase production costs and make the product 
acid impure (37). 
The reaction between CaF^ of the rock and sulfuric acid is of con­
siderable importance in plant operation. 
CaF + H SO^ CaSOj^ + 2HF (15) 
Hydrogen fluoride that is liberated reacts with silica present in the 
rock to form fluosilicic acid. 
6HF + SiO HgSiFg + GHgO (I6) 
The HF and the fluosilicic acid are extremely corrosive compounds and pose 
a major problem (36) in the wet-process. They may react with sodium or 
potassium salts present in the rock forming fluosilicates. These fluo-
silicates have erratic, decreasing solubilities (37) with decreasing tem­
perature,^ resulting in the formation of a sludge with the CaSO^ in the 
pipelines, filter cloth and other equipment. This sludge then forms a 
hard scale requiring plant shut down. When subjected to the acidic 
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conditions at elevated temperature of the process, some fluosilicic acid 
decomposes into HF and SiF^y This silicon fluoride decomposes to gelatinous 
silica Eind hydrofluoric acid. The silica then precipitates in the gas 
ducts and scrubbing system of the plant as a gelatinous solid requiring 
periodic removal. 
Ferric oxide and similar impurities in the rock react with phosphoric 
acid to form corresponding phosphates. They not only reduce the strength 
of the product acid but may also come out as heavy sludge when the acid 
is subsequently concentrated. 
Various carbonates present in the rock react with sulfuric acid to 
form sulfates and carbon dioxide which contributes to foaming problems. 
Heat of reactions 
The theoretical heat of reaction (37) between tricalcium phosphate, 
sulfuric acid and water is approximately -80 kg. cal./g. mol. of trical­
cium phosphate. The reaction equation is 
Ca + 3HpS0^ + ÔH^O = SCaSO^-ZKgO + 2H PO^ (IT) 
The total amount of heat released during the wct-process, however, includes 
this as well as heat of reaction of secondary components in the rock and 
heat of dilution of phosphoric and sulfuric acids. In most gypsum pro­
cesses part of this heat has to be removed in order to keep the temperature 
at a level where only gypsum can precipitate. This requires incorporation 
of an evaporative cooler in the process. 
Phase diagram and solubility data 
Calcium sulfate crystallizes in three different crystalline compounds, 
depending upon the reaction conditions. The phase relationship (37) among 
1^4 
the dihydrate, semihydrate and aaihydrite is shown in Figure 1. Because 
wet phosphoric acid is very impure the transition data vary among differ­
ent publications. The transition line between semihydrate and anhydrite 
is the one suggested by Nordengren (23). Higher temperature and acid 
concentration will induce the formation of the ahhydz'ite. A lower tem­
perature and acid concentration favor semihydrate formation and still 
lower temperature and acid concentration favor gypsum formation. 
The type of calcium sulfate produced and the strength of acid obtain­
ed account for the fundamental differences among the several processes 
that are in use today. Processes involving the formation of gypsum re­
quire less severe operating conditions and previously more emphasis has 
been given to this type of process than any other. 
The solubility data for dihydrate and semihydrate (32) are given in 
Figure 2. It is interesting to note that semihydrate has a higher solu­
bility under some conditions. 
The effect of sulfuric acid concentration on the solubility of cal­
cium sulfate (l4) is very important in the controlled crystallization of 
calcium sulfate. This is shown in Figure 3. The solubility is highest 
when there is no excess sulfui-ic acid present. The decrease in solubility 
is very rapid with an increase in sulfuric acid concentration. This would 
mean that any sudden increase in free sulfate concentration would create 
a region of very high supersaturation. This condition would result in 
excessive nucleation. Another effect of higher sulfate concentration is 
to decrease the solubility of calcium sulfate, resulting in a lower growth 
rate for the crystals, 
Figure 1. Phase diagram of CaSO, AB; Kordengren's Line (23) 
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Figure 2. Solubility of calcium sulphate at different temperatures and 
acid concentrations 
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Figure 3. Effect of sulfuric acid concentration on solubility of calcium 
sulfate in iil,5 percent pure grade phosphoric acid at 70 C° 
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Present Processes 
Today most of the wet-process phosphoric acid produced throughout the 
world is made by the gypsum method. Several•different processes (37) are 
in use today but the difference lies in technology rather than in princi­
ple. Following is a list of some of the well known processes: 
1. The Dorr-Oliver strong-acid process 
2 .  The Prayon process 
3. The Chemico process 
4. The Saint Gobian process 
5. The Kordengren anhydrite process 
The first four processes are based on gypsum crystallization and only the 
first one will be described here. 
The Dorr-Oliver process (37) was developed about 30 years ago and is 
in world-wide use today. The ground rock flows to a continuously dis­
charging high accuracy weigh scale. The reaction system is in the form 
of a train of cylindrical tanks with agitators. Agitation requirement in 
the early stage of reaction is greater; hence more than one small tank is 
fitted with agitators of high intensity. Strong sulfuric acid is 
accurately metered and mixed with weak phosphoric acid which is returned 
from the secondary filtration stage. The combined acids are added to the 
reantion slurry at a suitable point down stream. This point is quite 
critical since the location affects both the degree of extraction and l 
stability of the reaction. Slurry is pumped from one of the last reactors 
to a vacuum cooler operated under closely controlled conditions so as to 
maintain a constant reaction temperature. After being cooled, it is 
returned to the head of the reaction system. Slurry recirculation ratios 
22 
may be between 10:1 and 20:1 and are determined by process factors. 
Slurry, overflowing from the last reactor, is pumped to a traveling-pan 
filter for separation of the gypsum. Three filtrates, the first is 32% 
PgO^ acid, the second is l8 to 20% of PgO^ acid and the third one is the 
wash liquor of 2 to 5% content, are produced. The strong acid which is 
the product goes to a concentrator, the weak acid is returned to the 
reaction system to metke mixed acids, and the weak wash liquor is returned 
to the second filter stage for washing purposes. The gypsum cake is given 
a final wash with hot water before disposal. 
Fumes from the reaction system are removed by a fan and set to a 
Doyle impingement scrubber. Compounds of silica and fluorine are removed 
in this scrubber and may be recovered if desired. Over-all recoveries of 
PgO^ in these plants are of the order of 9^ to 95 percent. 
The Wordengren anhydrite process uses the findings of Nordengren 
(22). Under controlled circumstances stable crystals of calcium sulfate 
in an anhydrous or partly hydrated form result. These can be readily 
filtered and purified by washing with water. Several methods of dissolv­
ing phosphate rock to produce phosphoric acid and anhydrite crystals were 
initiated, but major factors, extreme corrosion and process control, pre­
sented the difficulties. A few small plants based on this process are in 
operation in Europe. These plants produce an acid containing Uo to 4$% 
PgO^. A temperat^ore of 135°C is maintained in the reaction vessel. 
A novel method incorporating solvent extraction has recently (ll) 
been described. Many groups are now working on this process. In the 
process phosphate rock is digested with by-product hydrochloric acid and 
the slurry is extracted with an organic compound. The economics of the 
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process [ 2 k )  however, are said to be posing problems. The process may-
compete with the electric furnace method but the acid produced is too 
expensive to compete with the fertilizer grade acid. The cost of 
as electric-furnace acid is nearly twice the cost of the wet-process 
material. 
2h 
THEORETICAL CONSIDERATIONS 
Crystallization Principles and Phosphoric Acid Process 
Any new wet-phosphoric acid process must be designed with due regard 
to contemporary theories of crystallization and crystallizer design. Thus 
it is necessary to outline the general basic principles of the process and 
to identify the conditions under which the crystallization must take place. 
The principal reactions are 
Ca^oFgtPO^)^ + ikHgPO^^ + lOCatHgPO^lg + 2HF (l8) 
and 
CafHgPO^)^ + HgSO^ -V CaSO^ + EH^PO^ (19) 
It can be seen that the second reaction creates the supersaturation of 
CaSOj^ in the liquid phase. For an efficient phosphoric acid process, 
this supersaturation must be controlled. 
The first reaction occurs between solid rock phosphate and liquid 
phosphoric acid. The main product, monocalcium phosphate, dissolves in 
phosphoric acid and then reacts with sulfuric acid. The complicated 
chemical structure of phosphate rock, impurities and particle size make 
this reaction very difficult to carry out rapidly and completely. The 
chemical composition of phosphate rock, even from the same source, varies 
considerably. Impurities in the rock constitute the side reactions and 
consume acid. In such a complex situation, when this second reaction is 
carried out simultaneously in the same reactor, a relatively uncontrolla­
ble crystallization process results. Monocalcium phosphate, formed on the 
surface of the rock particles by the first reaction, reacts further with 
sulfuric acid forming a hard coating of CaSO^ on the rock particles. This 
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unreacted phosphate rock in the center of the particle is trapped without 
allowing further reaction. This unreacted rock phosphate constitutes a 
serious loss of raw material in the commercial processes where these 
reactions are crried out simultaneously. 
Good control of the crystallizer can only be obtained if feed rates 
of the reactants are in proper stoichiometric ratios. Feeding of solid 
phosphate rock, with its constantly varying complex composition, in 
proper stoichiometric ratio to sulfuric acid feed rate is an almost im­
possible task. Moreover, an unpredictable amount of phosphate rock 
would remain unreacted, depending upon its physical characteristics. 
Under some conditions dicalcium phosphate, CaHPO|^, is formed instead of 
monocalcium phosphate. Gypsum and dicalcium phosphate have almost 
identical crystal structure and molecular weight and may form a solid 
solution upon crystallizing. This not only constitutes a loss of 
but creates an imbalance in the reactant ratio as well. 
It is obvious then, that in order to achieve good control over the 
reaction crystallization, the above two reactions should be carried out 
in separate reactors. The second reaction, which results in crystalli­
zation of CaSO|^, would then become the central step in a new phosphoric 
acid process. The product of the first reaction consists chiefly of 
monocalcium phosphate. The impurities are carried with it from the 
phosphate rock. This product can be dissolved in phosphoric acid to 
obtain a solution of monocalcium phosphate. If desired, the insoluble 
impurities, like silica and organic matter, can be filtered off. Then 
the second reaction involving crystallization of CaSO^ can be carried out 
fully, meeting the requirements for complete control of the 
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supersaturation. 
Kinetics of Calcium Sulfate Crystallization 
At constant suspension density the steady state mathematical model of 
a MSMPR crystallizer, developed by Randolph and Larson (29), caa be used 
to determine the kinetics for calcium sulphate crystallization. It is 
assumed in the treatment that the kinetics of nucleation and growth can 
be represented as ample power functions of supersaturation as follows. 
and 
r = K (21) 
where is the number of nuclei, S the supersaturation, r the growth 
rate, and are proportionality constants, and a and b are constants 
which are to be determined. Since r = and n = ^  the nucleation rate dt dL 
can be written as: 
= i ^ ° 
By combining Equations 20, 21 and 22, and by eliminating S and dN°/dt, 
the following relationship between nuclei population density and growth 
rate for the calcium sulfate system is obtained. 
n° = K^[r](*/t -1) (23) 
where is a proportionality constant. This equation indicates that a 
plot of log n° versus log r should be a straight line with the slope of 
(a/b -l). Equation 23 can be used to find (a/b -l) experimentally by 
conducting a series of steady state experiments at different residence 
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times (i.e., different growth rates). An analysis of the steady state 
crystal distribution for each residence time can be plotted as L versus 
log n. These plots present a method for determining n° and r. The 
intercept is numerically equal to n° and the growth rate is inversely 
proportional to the slope of the resulting straight line. A plot of log 
n° versus log r can now be made. The intercept and slope give the values 
of and (a/b -1) respectively. The number (a/b -l) is called the 
kinetic order of the system and is the essential parameter for deter­
mining the size distribution of the crystal product. 
Suspension Density 
Suspension density, defined as the weight of cr^'stals per unit 
volume of crystal mother liquor slurry is an important variable in in­
dustrial crystallizers. Supersaturation may be a function of the sus­
pension density and therefore nucleation and growth rates may be affected 
by changes in this parameter. Another important effect, as suggested by 
a number of investigators (26,27) is the effect that suspended solias may 
have on the basic nucleation mechanisum. The existence of two fundamental 
nucleation processes, homogenous and heterogeneous, is well-known. In the 
former case the nucleation process is solely due to supersaturation while 
in the later case it is also dependent upon the solids that are held in 
the suspension. A number of authors have given various explanations for 
the effect of solids in suspension on nucleation. Among these are frac­
ture of dendritic growth, the sweeping away from the neighborhood of the 
i n d i v i d u a l  c r y s t a l s  a  r e s e r v o i r  l a y e r  o f  h i g h  s o l u t e  c o n c e n t r a t i o n  ( 3 ) ,  
attrition, and catalysis. 
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Larson ^  al. (l6) have made a theoretical analysis of a MSMPR 
crystallizer for the following two cases, (i) when nucleation rate is 
independent of suspension density, and (ii) when nucleation rate is 
dependent on suspension density. 
In order to determine if the nucleation mechanism for calcium sul­
phate is a homogenous process or a heterogeneous process it would be 
necessary to investigate the mathematicl models of I^ISMPR crystallizer 
for the above two cases. Analyses of the data obtained from known 
variations in suspension density in a MSMPR crystallizer, using these 
models, can reveal the nature of nucleation process. 
Nucleation rate - independent of suspension density 
In this case the nucleation rate equation is the same as Equation 
20 which is 
and for r = 4^ = K Equation 20 can be written as dt g 
= Kjra/b (24) 
Using Equation 22 therefore, 
-1) (25) 
For two steady state MSMPR crystallizers operating under the same condi­
tions but with different suspension densities. Equation 11 can be used 
to write the following expression, 
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/ n_ dL . 2  
r J "2 " F_ 
UFZ''' 
o 
Substituting Equation 10 and integrating, 
But F , the production rate, is proportional to suspension density ({> in 
the crystallizer and 
n° = -1) 
therefore, 
4 . -^1 . It (28) 
^2 1 ^ 
or 
A)(3-a/b)^^ (29) 
2 *2 
Equation 29 can be used to test the data obtained by variation of suspen­
sion density for homogeneous nucleation. Another relationship, which can 
be used to check the data for homogeneous nucleation, can be derived from 
Equation 25- For two levels of suspension density, 
4)=(^)(a/b -1) (30) 
^ 2  ^ 
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Mucleation rate - dependent on suspension density 
For a crystallization system in which nucleation rate depends on 
solids concentration in suspension, a mathematical model incorporating 
a suspension density dependent nucleation rate must be used. Therefore, 
49: = K* s* (31) 
Using r = Equation 31 can be written as 
= K (32) 
and since 
dN° o 
dT = ^ " 
it follows that 
n° . K ^(a/b -1) (33) 
Proceeding further as in the previous case the following relationships 
are obtained. 
^2 ^2 *1 ^1 
For the case when d = 1 and since F^/F^ = 
* 2 = 1  ( 3 5 )  
^2 
and 
o , 
n, 
which implies that if nucleation rate is linearly dependent on suspension 
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density the growth rate will not change with suspension density and 
nucleation will increase directly in proportion to the increase in sus­
pension density. For the case when d ^ 1, the growth rate and nucleation 
rate will be affected in a nonlinear manner for variation in suspension 
density. 
Crystal Habit 
Gypsum crystals are known to have various habits. Impurities present 
in phosphate rock have been shown to affect (9) the crystal habit of 
gypsum produced in the phosphoric acid manufacture. It is desirable to 
have calcium sulphate crystals which are large and symmetric in shape. 
Long needles, thin plates of agglomerated spherulite crystals are very 
difficult to filter and wash. 
Present views on the habit of gypsum crystals are confusing and 
contrasting (9,37) • Weber and Pratt (37) emphasize that the sulphate 
concentration of the slurry liquor is the prime cause of various habits 
of gypsum. Larson and Larson (15) have investigated the effect of 
several impurities on size distribution of gypsum crystals obtained by 
reaction crystallization in a batch crystallizer using monocalcium 
phosphate and sulfuric acid feeds. 
Close control of sulfate ion concentration in the wet-process has 
been emphasized as being very important for proper crystallization and 
filtrability of gypsum. Its control has always been difficult because 
of inadequate control equipment for feeding solids. Moreover the compo­
sition of phosphate rock, to a certain degree, is continuously changing. 
This results in poor control of excess sulfuric acid that is required in 
the process slurry. An excess of 1 to 2 percent sulfuric acid is re­
quired in order to reduce the loss of due to co-crystallization of 
CaHPO^.EHgO and gypsum. Crystal structures of these two compounds are 
very similar and they are known to form a solid solution (12). 
The importance of close control of excess sulfate ion concentration 
can be due to two reasons. The first one is due to its effect on the 
solubility of calcium sulphate in the process slurry. Figure 3 shows the 
effect sulfuric acid concentration has on the solubility of gypsum (l2a) 
in the mixed acids. Solubility of already sparingly soluble calcium 
sulphate decreases sharply with a slight increase in the sulfuric acid 
concentration. This would mean that in the reaction zones where excess 
sulfuric acid concentration fluctuates, the changes in supersaturation 
are of considerable magnitude. This is exactly the condition which 
causes excessive nucleation. 
The second reason is that an excess of sulfate ions in the process 
slurry cause an impervious layer of calcium sulfate to be formed on the 
surface of each rock particle, thus preventing further digestion. This 
leads to an increase in the extraction loss. 
There is no theoretical explanation available which shows why proper 
control of sulfate concentration is important for crystallization of 
large, symmetric gypsum crystals. An attempt is made here to explain 
this phenomenon with the help of the atomic structure of the gypsum 
crystal (2,7,1$). The structure is of a layer-lattice type with water 
++ 
molecules between sheets composed of chains of alternate Ca and SOj^ 
ions. The chains are arranged to give a corrugation effect within the 
sheets. Figure k shows one such sheet. The distance between the sheets 
Figure k. Atomic structure of CaS0^'2H20 lattice plane 
O OXYGEN O CALCIUM ^ SULPHUR 
is equal to b/2 = 7*505 A. The un.it cell dimensions are a = 5*70 A, 
b = 15.17 A, c = 6*502 A and 6 = ll8° 23'. 
Now suppose that the sheet in Figure k is the top sheet on the 
surface of a gypsum crystal growing in the slurry. In order for the 
crystal to grow it must obtain Ca*, and H^O from its surroundings. 
If a calcium ion associates itself with the position x, the free energy 
chemge that is involved will be more than if it were to associate itself 
with positions at either y or z. Once a calcium ion rests at x, the free 
energy change for associating a SÔ^ at m, next to x, along the same chain 
will be more than that associated with its locating at the position 1. 
Now, the positioning of calcium ions along the other two chains in the 
c direction and on either side of m will be more likely, since they each 
involve the use of three free valencies. Similarly, association of a 
calcium ion at position y is more probable than at a position on top of 
the sheet in the direction of the b axes. Successive sheets in the b 
direction are connected by water molecules and the related bond strength 
is the weakest, so the free energy change involved will be a minimum in 
this direction. Since the growth rate is the fastest in the direction 
where free energy change is the highest, one would expect the fastest 
growth rate of the gypsum crystal along the c axis, the lowest growth 
rate in the direction of the b axis, and with an intermediate growth 
rate in the direction of the a eixis. 
Growth is also dependent on the diffusion of the different ions and 
water molecules that are involved. Diffusion of SOj^ will be the slowest 
because of its large volume and weight when compared to the rates of 
diffusion of calcium ions and water -molecules. High viscosity and density 
of surrounding phosphoric acid and the sparing solubility of gypsum would 
indicate that the growth rate is diffusion controlled. Increased avail­
ability of SÔ|^ ions, therefore, would result in a rapid growth of crystal 
in the c axis direction. This condition of increased availability of 
ions is obtained either at high supersaturation or when there is an 
excess of free sulfuric acid present in +he slurry. It can be concluded 
therefore, that decreasing the SOj^ ions concentration or in other words 
increasing the Ca"*" ions concentration would tend to reduce L.he length of 
needle like crystals. 
Now consider a thin long needle-like crystal in the slurry, surround­
ed by a liquid film through which diffusion of calcium sulfate takes 
place. Obviously, the thickness of this film will be different on dif­
ferent surfaces. The thickness of the film on the two ends of the needle 
would be expected to be the least considering its shape and its motion in 
the liquid. Of more importance is the fact that this film is continuously 
being pierced by the crystal because of its growth on the ends. This 
brings the end surfaces into the fresh regions of supersaturation con­
tinuously for further growth. 
The structure of the semihydrate form of calcium sulphate is not yet 
properly defined in the literature. However, Caspari (7) and Bunn (5) 
suggested that the structure was essentially a framework of Ca^ and 
ions, penetrated by channels capable of accomodating the water molecules. 
If this is true, then the structure of semihydrate can be considered to 
be similar to the gypsum crystal structure which is made up of chains of 
Ca^ and SOj^ ions. Both have monoclinic configurations in common. In 
this case the effect of Ca"*" concentration will probably be the same for 
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both crystal structures. 
Growth Rates and Crystal Forms 
The relative magnitude of growth rates for the three different forms 
of calcium sulphate can be discussed from a thermodynamic point of view. 
Calcium sulphate anhydrite crystals would probably grow at a faster rate 
than semihydrate or dihydrate because only Ca^ and SÔj^ ions need be trans­
ported for its growth; while in the case of semihydrate, an additional 
half molecule of water, and in the case of dihydrate, two molecules of 
water, have to be transported to the growing crystal surface per molecule 
of CaSO^. Since dilution of phosphoric acid by water is an exothermic 
process, removal of water from the acid by crystallization would be an 
endothermic process. Of course, when the water molecules reach their 
positions on the crystal surface, the process of crystallization would 
be exothermic to a small extent, since crystal bonds are formed. Thus 
the semihydrate crystallization process requires less mass and heat 
transfer than gypsum, which should result in a more rapid crystal growth 
for it. 
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EXPERIMENTAL WORK MD RESULTS 
Equipment and Procedures 
A continuous mixed suspension, mixed product removal erystallizer was 
built to carry out all the crystallization work. A schematic diagram of 
the complete arrangement is shown in Figure 5. 
The erystallizer consisted of a round bottom glass vessel, equipped 
with an agitator and baffles, and was submerged in a constant temperature 
bath. The normal operating capacity of the erystallizer was one liter. 
This design allowed the simulation of perfect mixing conditions. Feeds 
were introduced to the erystallizer through a diaphragm type Mec-O-Matic 
metering pumps. Metering the corrosive, scale forming acid was found 
extremely difficult. Cheek ball valves made of glass were attacked by 
impure phosphoric acid which contained fluorine compounds. Scale forma­
tion was also a problem for maintaining constant feed rates. Continuous 
withdrawal of mixed suspension from the erystallizer was achieved by the 
introduction of an overhead glass tube which was connected to a vacuum as 
shown in Figure 5. This arrangement maintained a constant volume in the 
erystallizer and also permitted changes to be made in the volume of the 
erystallizer whenever desired. High viscosity of the slurry and fineness 
of the crystals prevented settling problems. 
Feed solutions were prepared from the reagent grade monocalcium 
phosphate monohydrate and sulfuric acid of proper concentration. Crystal­
lization data were also obtained using commercial grade chemicals, thus 
simulating the conditions that would exist in a process to be proposed. 
For this purpose, commercial triple super-phosphate was dissolved in 
Figure 5. Schematic diagram of the continuous crystallization apparatus 
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diluted commercial wet-process phosphoric acid. The solution was filtered 
to remove silica and other solid impurities. Similarly, sulfuric acid 
feed solution was prepared by mixing sulfuric acid with diluted wet-
process acid. 
Several preliminary runs were carried out with a I^ISMPR crystallizer, 
subjected to various operating conditions, to determine suitable ranges. 
At temperatures lower than 60 C° and acid concentration less than 30% 
PgO^, CaSOj^ crystallized as gypsum. At temperatures above 70 C° and 
acid concentrations above hO% P^O^, semihydrate was crystallized. A 
marked difference in their growth rates was observed. Semihydrate crystals 
of comparatively large size were obtained in a relatively short period. 
Cypsum crystals, for the same residence time, were found to crystallize 
in a needle habit of extremely small size. This habit was very unfavor­
able for filtering, washing and sizing on the Coulter Counter. During 
counting, they immediately blocked the aperture and thus their size dis­
tribution was impossible to obtain by the Coulter Counter. As compared 
to this, semihydrate crystals of hexagonal prismatic habit were found to 
be easy to filter, wash and analyze on the Coulter Counter. 
Another problem with gypsum crystallization was due to changes in the 
phosphoric acid concentration within the crystallizer. Comparatively long 
draw down vimes were required to obtain gypsum crystals of reasonable size 
which could be filtered, washed and counted on the Coulter Counter. 
Because of this long residence time, relatively dilute phosphoric acid 
became more concentrated due to evaporation. This changed the form of 
the calcium sulfate crystals from gypsum to semihydrate. 
These problems with gypsum crystallization restricted the 
1+2 
experimental work mainly to semihydrate form of calcium sulfate. Advan­
tages of a process based on semihydrate crystallization have already 
been discussed. Preliminary experimental work thus established a more 
favorable habit and nucleation and growth kinetics for the semihydrate 
form. 
All the MSJviPR runs were carried out at steady state. The acid con­
centration in the suspension was 1+2 percent P^O^, except where noted 
otherwise. During each run the feed rates, the temperature and the 
volume of the suspension were maintained constant. At least 12 draw down 
times (residence times) were allowed to elapse before sampling of the 
steady state crystal suspension. It was found that this amount of time 
was necessary for the suspension to approach the steady state operating 
condition. This was confirmed by size distribution analyses. 
Sampling of the crystal suspension was carried out by the use of an 
evacuated cylinder. This procedure permitted very fast sampling and 
eliminated possibilities of classification during sampling. Here again 
the fineness of crystals and the high viscosity of the slurry were favor­
able factors for mixed product removal. The slurry sample was weighed 
and filtered immediately under vacuum. Crystals were washed with 10 
milliliters of water at 55 C°, immediately washed with absolute alcohol and 
dried in an oven at 65 C°. The crystals were weighed and sealed in a 
sample bottle. Percent suspension density was calculated as the weight 
of the crystals in grams per 100 grams of the slurry. 
Size analyses of the steady state sample was obtained using the 
Coulter Counter. This electronic instrument was used to determine the 
number and. size of particles suspended in an electrically conductive 
liquid. To accomplish the analyses, the suspension flows through a small 
aperture having an immersed electrode on either side. Crystal concentra­
tion must be such that the crystals traverse the aperture substantially 
one at a time. Each particle on passage displaces electrolyte within 
the aperture, momentarily changing the resistance between the electrodes, 
thus producing a voltage pulse of a magnitude proportional to particle 
volume. The resultant series of pulses are electronically amplified, 
scaled and counted. Pulses are also fed to a series of threshold cir­
cuits having adjustable screen-out voltage levels. This apparatus was 
em excellent device to find the size distribution of calcium sulfate 
crystals, which were too small to analyse by other conventional methods. 
Experimentally, a sample of crystals was weighed and slurried in 220 
milliliter of electrolyte, h% ammonium thiocyanate dissolved in isopropyl 
alcohol. Two milliliter of this mixed suspension was drawn through the 
aperture and all crystals that were larger than those corresponding to 
the threshold setting were counted. By repeated counts at various 
thresholds, data were obtained that allowed the calculation of the size 
distribution of particles in the slurried mixture. The counting of the 
smaller sizes of crystals was limited by the cross-sectional area of the 
aperture selected and the shape of the crystals. Needle like, long 
crystals would normally block the aperture if the size of the aperture was 
smaller than the length of the needles. Another physical limitation was 
the counting of very few large crystals. In order to get correct count 
of these crystals, it was necessary to have to repeat the counting proce­
dure of each threshold setting for several times. However, repeating the 
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results for the large particles was not possible because the amount of 
slurried electrolyte that ceji be used with the Coulter Counter Model A 
was limited. Thus the accuracy of the size distribution for the larger 
sized crystals is less than that for the smaller crystals. 
Population density values for different sizes were calculated by the 
AN 
approximation, n = —, from the size distribution data, numbers versus 
size. The basis for the population density can be arbitrarily chosen 
depending upon its use. In most cases, it was based on 9.1 x 10~^ grams 
of crystals unless indicated otherwise. A plot of log n versus L was 
made for each steady state run. From the slope and intercept, growth 
rate r and nuclei population density n° were obtained. 
Analyses of crystal samples for total was carried out by the 
official method of the Association of Official Agricultural Chemists (l). 
Water of crystallization was determined after prolonged heating of the 
samples at 250 C°. 
Temperature 
Seven steady state runs, shown in Table 2, four using impure feeds 
and three using pure feeds, were carried out to investigate the effect of 
temperature. Temperature was varied from 45 C° to 76 C°. Growth rates 
and nuclei population densities were obtained from the steady state runs. 
The data obtained are summarized in Figure 6. An increase in temperature 
increases the growth rate considerably, however, this increase tapers off 
above 65 C°, for the impure system. Variations in temperature also affect 
the crystalline water content, as shown in the Figure 6. Water content of 
crystals obtained from impure feeds increases from 7.78% to 13-14% as 
Figure 6. Effect of temperature on growth rate and nuclei population 
density of semihydrate crystals in pure and impure phosphoric 
acid. Numbers in rectangles represent corresponding percent 
crystalline water content 
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Table 2. Variation of temperature 
Run No. Temp 
u-
% 
suspension 
density 
ResidencA 
time T 
minutes 
ra-Le r 
microns 
per hour 
% water of 
crystallization 
PURE ACID 
31 70 0.650 37.5 100.5 7.78 
32 63 0.641 37.5 97.7 8.38 
33 53 0.640 37.5 76.0 10.70 
34 45 0.643 37.5 67.4 13.14 
IMPURE ACID 
35 76.0 3.763 38.3 84.9 9.00 
36 64.5 3.610 38.3 68.3 3.00 
37 66.5 3.870 38.3 72.8 8.03 
temperature is decreased from JO C° to 4$ C°. This indicates partial 
transformation of semihydrate crystals into dihydrate. Stoichiometric 
water content of semihydrate and dihydrate crystals is 6.21 and 20.9 
percent respectively. However, crystalline water content of semihydrate 
1 2 has been found to vary between 6.21 % (— H^O) and 8.1 % (— H^O) by many 
researchers (2,5). 
Important conclusions can be derived from the results obtained. 
Crystallization of calcium sulphate as semihydrate is much more favorable 
than as gypsum because of the significant advantage of much higher growth 
rate that can be obtained. Higher temperatures are favorable for increas­
ing the growth rate. A six fold decrease in the population density of 
nuclei is achieved by increasing temperature from 45 C° to 70 C°. 
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Nucleation rates for each of the steady state runs can be calculated using 
the equation 
dW _ o 
dt ~ ^ 
A plot of nucleation rate versus temperature is presented in Figure 7. 
At lower temperatures, the gypsum crystal habit dominates,thus 
making an analyses of these extremely small, needle like crystals very 
difficult with the Coulter Counter. 
Phosphoric Acid Concentration 
Phosphoric acid concentration in the crystallizer was varied, using 
pure grade feeds, in three different steady state runs shown in Table 3, 
with all other conditions unchanged in an effort to determine the effect 
of acid concentration on crystallization kinetics. Steady state plots. 
Table 3. Variation of acid concentration 
Run No. Temp % Residence % Growth 
C° suspension time T H PO^ rate r 
density minutes microns 
per hour 
1+9 72.5 4.0k 65 49.5 40.3 
50 70.5 4.05 65 53.8 41.5 
51 73.0 4.00 65 58.0 40.5 
Figures 8, 9, and 10 were made to find growth rates and nuclei population 
densities. Phosphoric acid concentration was varied from 49.5% to 58%. 
From the results, it was found that phosphoric acid concentration he,s 
almost no effect on growth and nucleation in the range investigated. 
Figure 7• Plot of nucleation rate versus temperature for pure and impure 
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Figure 8. _Semi-log plot of population density versus size for crystalli­
zation of semihydrate from k9.5% phosphoric acid (35.8^ P 0 ) 
pure feeds ^ 
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Figure 9. Semi-log plot of population density versus size for crystalli­
zation of semihydrate from 53.8% phosphoric acid (39% PgO-) 
pure feeds 
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Figure 10. Semi-log plot of population density versus size for crystalli­
zation of semihydrate from $8/2 phosphoric acid (42% P 0 ) pure 
feeds ^ ^ 
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Extension of this range was not possible because of the possibilities of 
crystallizing other forms of calcium sulphate. 
Growth and imcleation: Kinetic Orders for Semihydrate 
Pure feeds 
Three steady state runs were carried out using reagent grade feeds, 
at constant temperature of 70 C°, and an acid concentration of 42% P^O^. 
From the Coulter Counter analyses of steady state crystal distribution, 
population densities at corresponding sizes were calculated. Figures 11, 
12, and 13 present the plots of the steady state equation. Equation 1. 
The n° and r data obtained from these plots are summarized in Table H 
along with pertinent operating conditions and were used with Equation 13 
to obtain a plot of log n° versus log r as shown in Figure l4. A straight 
line with a slope of 1.8 was obtained. The general kinetic equation. 
Equation 13, can now be written as follows for the crystallization of 
semihydrate from the pure feeds, 
n° = K 
and Equation 12 becomes 
f = K dt 
It is of interest to note here that as the residence time increases the 
intercept on the "y" axis. Figures 11, 12, and 13, decreases. This 
obviously means that as the residence time is increased, nucleation rate 
decreases, implying that supersaturation decreases. A decrease in super-
saturation causes a decrease in the growth rate also. However, since the 
crystals remain in the crystallizer for a longer period the size of the 
Figure 11. Semi-log plot of population density versus size for residence 
time T = 12 minutes pure feeds 
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Figure 12. Semi-log plot of population density versus size for residence 
time T = 29.5 minutes pure feeds 
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Figure 13. Semi-log plot of the population density versus size for resi­
dence time T = ^5 minutes pure feeds 
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Figure lU. Log-log plot of nuclei population density versus steady state 
growth rate of semihydrate from pure phosphoric acid 
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Table 4. Variation of residence time - pure feeds 
o 
n Run No. Temp % Residence Growth 
C° suspension time T rate r 
density minutes microns 
per hour 
21 TO 0.1+1+2 12 159.5 10000 
22 TO 0.1+10 29.5 78.5 3T00 
23 TO 0.1+62 1+5 61.5 ITOO 
largest crystal in the crystallizer increases. This results in an improve­
ment in the size distribution because there is a reduction in the number 
of the smaller si%e crystals axiu an increase in the number of larger size 
crystals. Steady state data of Figures 11 and 13 are combined in Figure 
15 to reveal this effect more precisely. 
Impure feeds 
Five steady state runs, shown in Table 5, were carried out using 
impure feeds, that is feeds prepared using commercial wet-process acid. 
Residence time was varied by changing the height of the withdrawal tube. 
The population density versus size plots are presented in Figures l6, IT, 
18, 19, and 20. A plot of log n° versus log r. Figure 21, was made as 
before. A straight line having a slope of 1.6 was obtained. The general 
kinetic equation for crystallization of semihydrate from impure materials 
can now be written as, 
n° = K 
and nucleation rate equation is 
Figure 15. Comparison of the size distributions for residence times 
T = 12 and T = 1+5 minutes pure feeds 
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Figure l6. Semi-log plot of population density versus size for residence 
time T = 6.88 minutes impure feeds 
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Figure 17. Semi-log plot of population density versus size for residence 
time T = 11,6 minutes impure feeds 
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Figure 18. Semi-log plot of population density versus size for residence 
time T = ih.h minutes imnure feeds 
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Figure 19. Semi-log plot of population density versus size for residence 
time T = iH.l minutes impure feeds 
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Figure 20. Semi-log plot of population density versus size for residence 
time Î = 37.5 minutes impure feeds 
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Figure 21. Log-log plot of nuclei population density versus steady state 
growth rate for semihydrate in impure phosphoric acid 
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Table 5* Variation of residence time - impure feeds 
Temperature = 70 C° 
Run No. % Residence Growth 
suspension time T rate r 
density minutes microns 
per hour 
25 0.682 6.88 327.0 0.0k 3500 
26 0.647 11.60 202.0 o.oU 2600 
28 0.568 l4.4o 184.0 0.05 1500 
30 0.562 l4.4o 177.5 0.05 2000 
27 0.653 37.50 99.5 0.01+ 600 
« V? 
in crystals 
A comparison of these equations with the kinetic equations obtained 
earlier for pure feeds shows that wet-process impurities in the feeds do 
not have a significant effect on the kinetic order. Figure 22 summarizes 
the effect of draw down time on growth rate for pure and impure feeds. 
It is of interest to note the explosive nature of the increase in the 
growth rate as draw down time is decreased. It can also be observed that 
the impure acid increases the growth rate, but decreases the population 
density of nuclei, as may be observed in Table 5 and thus the impure acid 
crystals have an enhanced size distribution, even though the kinetic 
order is not appreciably different. 
Suspension Density 
Equation 32 presents a method for determining the fundamental 
mechanism for nucleation. That is, is the nucleation mechanism homogeneous 
or heterogeneous? By holding all other operating conditions constant and 
Figure 22. Plot of growth rate versus draw down time (residence time) 
T for pure and impure feeds 
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by varying suspension density in a known fashion, the kinetic order of 
the suspension density parameter may be determined. If "d" is zero, the 
mechanism is homogeneous, if "d" is not zero, the mechanism is hetero­
geneous . 
Two steady state runs, shown in Table 6, were carried out with dif­
ferent constant suspension densities. Growth rate and nuclei population 
density data were obtained from Figures 23 ajid 2k .  The nuclei population 
—U densities were arbitrarily based on 9.1 x 10 grams of crystals. Their 
numerical values were corrected to the actual value of the suspension 
density, based on a unit suspension volume. 
Table 6. Variation of suspension density 
Run Wo. Temp % Residence Growth 
C° suspension time T rate r 
density minutes microns 
per hour 
k j  TO 1.525 40.8 78.3 
1+8 70 3.760 42.1 5^.0 
Equation 3^ presents a method for determining the effect of suspen­
sion density from these experimental data. Since "a/b -1" (= 1.8) has 
been previously determined from residence time experiments, one may 
evaluate directly the constant "d". Such a calculation, shown in Table 7, 
indicates that the value of "d" is zero. Thus the mechanism is homogeneous. 
An additional calculation by Equation 30 substantiates this conclusion. 
The data of Figures 23 and 2h  also present a visual means of 
emphasizing the effect of suspension density for a homogeneous nucleation 
Figure 23. Semi-log plot of population density versus size for suspension 
density (j) = 1.525% pure feeds 
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Table 7» Determination of nucleation mechanism by variation of suspension 
density calculations 
No, % Growth Actual 
per hour density n° 2 ^2 ^2 2 
o 
n 
3.Too 91.0 2.315x10^ 
1.2550 1x1.308 1.1610 1.1685 
2 1.525 78.3 1.845x10^ 
^1 and 2 correspond to run Nos. 1+7 and 48 respectively 
process on the crystal size distribution. These data are redrawn on a 
combined graph. Figure 25. For the same weight of crystal, the distribu­
tion resulting from a higher suspension density has been enhanced, result­
ing in fewer nuclei, as observed by a comparison of the two straight 
lines. Moreover the growth rate for the higher suspension is numerically 
larger than that for the smaller suspension. Thus the crystallization of 
calcium sulfate as semihydrate should be carried out at as high a suspen­
sion density as possible. 
This observation assumes that the crystallizer would be mixed sus­
pension, mixed product removal type. In practice, however, there are 
limitations which do not permit MSMPR conditions. The factors that are 
prohibitive to higher suspension density are 1) sparing solubility of 
calcium sulphate in the mother liquor, 2) inability of the present day 
equipment to achieve perfect mixing economically in large size crystal-
lizers, 3) high concentrations of feed creating localized zones of 
Figure 25. Comparison of size distributions obtained for suspension 
densities of # = 1.525% and (j) = 3.T60/Î pure feeds 
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extremely high supersaturation, k) common ion effect causing drastic re­
ductions in the solubility of calcium sulphate, 5) high density and vis­
cosity of the mother liquor, 6) increased sluggishness of the suspension, 
brought out by higher suspension density, and j) difficulties in pumping 
and problems associated with settling of solids in the equipment and 
piping, etc. Under these conditions advantages of higher suspension 
density would be lost, and on the contrary, there would be heavy nuclea-
tion and control difficulties. ' 3 effect was also observed by Randolph 
(27). Consequently a practical limit to the suspension density exists 
beyond which the advantages of higher suspension density are lost. 
Commercial processes in use today employ recirculation of the slurry 
and mother liquor in the order of 20 times the feed rate to achieve 
proper mixing and crystallization (37). 
Habit of Semihydrate Crystals and Loss 
It was predicted in the theoretical considerations that increase in 
Ca"*" ion concentration (i.e. monocalcium phosphate concentration) in the 
crystallizer would decrease the length of the crystals. Three steady 
state runs. Table 8, using impure feeds were carried out with different 
Ca ion concentration, varied by decreasing sulfuric acid feed rate. 
This affected the residence time slightly; however, it was not significant. 
Figures 26, 27, and 28 show the photomicrographs of the steady state 
crystals from these runs. A marked decrease in the.lengths of these 
crystals can be noticed as the calcium ion concentration is increased» 
Thus experimental results substantiate the conclusion of the theoretical 
discussion on the crystal habit. 
Figure 26. Microscopic photograph (Xl6o) of semihydrate crystals of Run 
No. 15 
Figure 27« Microscopic photograph (Xl60) of semihydrate crystals of Run 
No. 16 

Figure 28. Microscopic photograph (Xl6o) of semihydrate crystals of Run 
No. 17 
Figure 29. Photograph of an individual crystal of Figure 28 showing the 
end-view (XIOOO) 
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Table 8. Variation of Ca concentration 
Run No. Temp Calculated Residence Growth 
C° % suspension time T rate r 
density minutes microns 
per hour 
15 70 5.81 84.6 63.7 -U.li 0.02 
16 70 5.16 89.8 75.7 +22.6 0.02 
17 70 3.77 102.8 83.0 +86.7 0.02 
^Percent excess calcium in the crystallizer over stcichiometric requirement 
One effect that was not predicted in the theoretical discussion was 
the increase in spherulite formation which resulted from increased con­
centrations of the Ca"*". The observed concentrations of calcium ion con­
centration started at a level in which the SÔj^ was in excess of the 
stoichiometric requirements to one in which the Ca"*" was in excess. The 
Ca^ indicates that SOj^ was in excess whereas the positive number 
indicates that the amount of Ca is in excess. 
As the excess calcium ion concentration increased from -h .h f  to 22 .6% 
the long single crystals turned into spherulites of shorter needles. 
Further increase in the excess calcium ion concentration from 22.6% to 
86.7% increased the number of individual needles attached to the spheru­
lite. However, these needles were so short that it would be inappropriate 
to refer to them as needles. As the spherulite formation increased, the 
growth rate was partially reduced because of some unavoidable experimental 
problem which required an increase in the residence time and a decrease 
in the suspension density. These operational problems were caused by the 
% excess % P^O^ 
Ca"^  
crystals 
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changes made in the sulfuric acid feed rates. 
Figure 29 shows the end view of a single needle of the spherulite 
type crystals of Figure 28. Hexagonal cross sections of semihydrate 
crystals make them very resistant to breaking during agitation and pump­
ing. During filtration and washing this shape increases the efficiency 
because of the smaller surface area of contact among the crystals, as 
compared to the gypsum crystals, which are flat needles with very thin 
rectangular cross section. Higher specific gravity of semihydrate 
crystals, compared to specific gravity of gypsum, is also of advantage. 
All the experimental runs reported in this dissertation were in a 
Ca"*" concentration range of +25% to +50%. 
Chemical analysis of crystals was made to determine the total 
content. As can be seen from Table 8, azi increase in Ca^ concentration 
(i.e. monocalcium phosphate) has no effect on incorporation of the 
group in to the crystal structure. Loss of 0.02 percent P^O^ in the 
crystals is negligible. In comparison, P^O^ loss due to incorporation 
in the gypsum crystals has been found (13) up to a maximum of 5.60 
percent P^O^. 
Novel Semihydrate - Phosphoric Acid Process 
Discussion 
In previous chapters various problems of present day commercial wet-
phosphoric acid processes have been discussed. A two stage process, 
based on fundamental principles of design and crystallization was visual­
ized. Further development of these ideas resulted in a novel semihydrate-
phosphoric acid process which possesses many potential economic advantages. 
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The process is based on the fundamental idea of first reacting rock 
phosphate with phosphoric acid and then reacting the resultant monocalcium-
phosphate with sulfuric acid under conditions which will crystallize cal­
cium sulfate in the form of stable semihydrate. These crystals are easier 
to filter and wash than the gypsum crystals found in the wet-phosphoric 
acid process. 
Referring to Figure 30, crushed rock phosphate is first reacted with 
phosphoric acid in a rod mill (3). The major reaction is that of Equation 
2. This process continuously reacts the rock and phosphoric acid, result­
ing in the formation of triple-super-phosphate. Intense mixing, heating 
and drying inside the mill completes the conversion within a few hours. 
The mill operates at temperatures higher than 300 and requires a 
residence time of less than two hours (3). 
The solid triple-supsr-phosphate from the rod mill is fed to an 
extractor in which the monocalcium phosphate is dissolved in phosphoric 
acid. Recycled phosphoric acid is used in this leaching operation. 
Sludge, containing silica and various other undissolved impurities, is 
removed by filtration. 
The filtered liquor is fed to the crystallizer. Sulfuric acid is 
added to react with the dissolved monocalcium phosphate, resulting in 
the formation of semihydrate crystals. A large amount of the crystallizer's 
effluent, after being cooled in a flash chamber, is recirculated to dilute 
the sulfuric acid feed before the acid is introduced to the crystallizer. 
This dilution will reduce the sulfuric acid concentration, thus reducing 
the nucleation rate at the feed points. 
Figure 30. Material balance and the flow diagram of the proposed process 
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The cooled, concentrated acid from the flash evaporator is fed to a 
thickener, from which clear phosphoric acid is recycled to the extractor 
and to the rod mill. The concentrated solids-acid mixture from the 
thickner is next filtered to remove the semihydrate crystals, resulting 
in a product acid containing hO% P^O^. The crystals are washed, then 
removed from the system. The wash liquid contains 6.8?% PJ]^ and is 
recycled to the extractor. 
Material balance 
Figure 30 also shows an overall material balance for the semihydrate-
phosphoric acid process, based on 100 lbs, of phosphate rock feed. A 
total of 88 lbs. of hO% P^O^ product acid and 122 lbs. of semihydrate 
crystals are produced. In addition to the phosphate rock feed, 85 lbs. 
of 9Q% sulfuric acid is required for crystallization plus water require­
ments for washing solids after filtering. 
Fluorine removal 
Samples of triple-super-phosphate produced by Boylan and Amin (S) 
were obtained and analyzed for fluorine content. These dmta were then 
plotted as fluorine content versus acidulation ratio. Figure 31. Several 
conclusions can be drawn from this plot; l) increase in acidulation ratio 
increases fluorine removal from triple superphosphate, 2) more fluorine 
is removed at higher temperatures, 3) increase in residence time increases 
removal of fluorine. 
In the proposed process operating conditions can be selected to 
optimize the fluorine removal. Higher acidulation ratios can be employed 
without any disadvantage because the additional acid returns to the 
Figure 31. Plot of percent flourine versus acidxilation ratio for triple-
super-phosphate samples of Boylan and Amin - numbers in 
rectangles represent the product temperatures in degrees F° 
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process. Besides, higher acidulation would guarantee complete conversion 
of the phosphate rock. 
Monocalcium phosphate leaching 
Extraction or leaching of monocalcium phosphate from the product of 
the first stage reaction was investigated using 5% and 10% phosphoric acid 
solutions as solvents. Triple-super-phosphate produced by Boylan and 
Amin (3) in th .r ot p"" ant was used. The analyses of two samples of 
triple super phosphate used are given in Table 9. Ten grams of triple 
super phosphate were weighed and 50 milliliters diluted phosphoric acid 
were added. The mixture was heated to a prespecified temperature, 
thoroughly mixed, and then allowed to settle. The solution was aecaiited 
and the solid residue was mixed with another 50 milliliters of dilute 
phosphoric acid and heated to the same temperature. The solution was 
filtered and the residue was washed with a small amount of hot water. 
The residue was dried, weighed and analyzed for total P^O^. 
Figure 32 shows the effect of temperature and acid concentration 
on the extraction of P^O^ from the solids. A small amount of P^O^ in the 
residue is due to the presence of unreacted rock in the samples. These 
two samples had about 0.65% of citrate insoluble P^O^. In the proposed 
process, due to the use of a higher acidulation ratio, triple-super­
phosphate would have almost no unreacted rock left in it and hence almost 
complete leaching of P^O^ can be expected. Moreover, leaching at a 
higher concentration and temperature would also assure complete recovery 
Of 
Process advantages 
The advantages of the rod mill for making triple-super-phosphate are: 
I 
Figure 32. extraction from 10 gram triple-super-phosphate with pure 
phosphoric acid of 5% and 10% concentration at different 
temperatures 
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Table 9. Analyses of the triple-super-phosphate samples 
Wo. % Total % Water % Citrate % Moisture 
soluble insoluble 
1^ $k.02 50.71 0.657 1.69 
2^ 53.77 51.39 0.636 3.87 
^10 percent phosphoric acid used for leaching 
^5 percent phosphoric acid used for leaching 
1. The process is continuous and requires a short residence time 
(less than 2 hours) for complete conversion of rock phosphate to triple-
super- phosphate ( 3 ). 
2. Under the severe conditions (3) that exist inside the rod mill, 
most of the fluorine is driven off as SiF^ gas, since there is not present 
a liquid phase in which the gas may dissolve. The absence of fluorine 
results in a purer product acid and also reduces corrosion and scale 
formation caused by the fluo-silicates. Moreover, since fluorine is 
removed in a single operation, the process offers an attractive economic 
condition for its recovery. 
3. Foaming during the phosphate rock attack is not a problem (3). 
Foaming arises in present day processes due to the presence of carbonates, 
fluorine compounds, and some floatation agents that are present in the 
phosphate rock. The continuous action of the rods stops the formation 
of foam. 
4. The rod mill process is flexible with respect to operating 
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conditions (3). Phosphoric acid concentration, temperature inside the 
mill and the residence time can all be adjusted to achieve complete con­
version. For example, higher temperatures and longer residence times 
can be used if acid concentration is low. A higher acidulation ratio 
(defined as pounds of acid per pound of rock P^O^) may be employed 
to reduce the residence time since the excess acid returns to the process. 
Also, the effect of variations in the rock feeding rate is reduced by a 
higher acidulation ratio. 
5. For every 100 lbs. of rock entering the reaction mill, 78 lbs, 
of water are removed as vapor. In the gypsum process this water must be 
removed by flash evaporation, thus increasing the cost of the product 
acid. 
6. The residue from the leachinr operation was found to contain 
mainly silica and organic impurities. In the commercial nrocess these 
organic impurities disintegrate into black coloring matter when they 
come in contact with sulfuric acid. Due to their small particle size, it 
is impractical to remove them by filtration. Thus the removal of organic 
matter during leaching will eliminate this difficulty, resulting in a 
clear phosphoric acid. 
Advantages for crystallizing semihydrate are as follows: 
1. The wet-process requires the removal of large amounts of water, 
since a large quantity of water has to be used to wash gypsum crystals 
(dihydrate). Also the phase relationship constraint. Figure 1, for the 
crystallization of gypsum, require relatively low temperature and acid 
concentration. The lower temperature is maintained by removing the heat 
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of reaction by flash evaporation. 
If calcium is crystallized as semihydrate, a higher temperature, in 
excess of JO C°, and a higher acid concentration, in excess of 35% P^O^, 
can be used, thus reducing the load on the flash evaporator, /^though 
the schematic diagram of the process. Figure 30, shows a flash chamber, 
it is not necessary. It was incorporated to maintain a heat balance based 
on a crystallization temperature of 70 C°. If this temperature is in­
creased and/or cooling by air injection is employed, then the thermal 
balance can be achieved without the flash chamber. 
The beats of reactions used for these calculations were estimated 
from standard heats of formation. A 15% loss due to radiation and con­
vection was also assumed. 
2. Control of the crystallizer will be easier than that for the 
traditional wet-processes. Feed for the wet-processes is solid rock 
phosphate, whereas the proposed process utilized a liquid feed. In 
addition, loss of unreacted rock in waste gypsum, because of particle 
coating, will be completely eliminated. Also, close control of SO^^ 
concentration in the semihydrate process is not necessary, which on the 
other hand, is an absolute necessity for the gypsum process. An excess 
of concentration in the crystallizer is maintained for the extraction 
of PgO^ from the rock particles and for the reduction of CaHPO^'EHgO 
co-crystallization in the gypsum crystal structure. Analyses of semi­
hydrate crystals invariably showed a negligible loss of P^O^ due to 
solid solution formation. In the proposed process close control of SO^ 
concentration can be maintained at stoichiometric requirements, thus 
Ill 
resulting i n  a saving of raw material sulfuric acid. The reduction in 
SÔ|^ concentration also results in a purer acid product. 
3. Considerably higher growth rates and lower nucleation rates are 
obtained for semihydrate crystallization than those for gypsum system. 
This will result in a shorter residence time requirement for the 
crystallizer. 
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CONCLUSIONS 
1. A previously developed mathematical analysis t&chnique for a 
MSMPR crystallizer was found to be an excellent tool for the determina­
tion of the kinetics of nucleation and growth of calcium sulfate. 
2. A laboratory scale, continuous, mixed suspension, mixed product 
removal crystallizer was built and operated for the reaction crystalliza­
tion of calcium sulfate an(? was found to be a suitable laboratory device 
to determine the kinetics of the crystallization nrocess. 
3. Kinetic order of the reaction crystallization of calcium sulfate 
semihydrate from 42% P^O^ phosphoric acid, at JO C° was determined. 
Kincuiu relationship between nucleation and growth was found to be 
dW° „ 2.8 
= K^r for pure system 
and 
r 2.6 
= K^r for impure system 
4.  Effect of suspension density was investigated cind the experi­
mental data were found to be in agreement with a model that indicates that 
homogeneous nucleation is the basic mechanism for the reaction crystalli­
zation of CaSO^ as semihydrate. Higher suspension densities were found 
to be favorable for the production of larger crystals, but it was con­
cluded that an upper limit existed be:...u^-e of practical limitations. 
5. Phosphoric acid concentration has no effect on growth or nuclea­
tion in the concentration range of 49.5% to $8% phosphoric acid. 
6. Temperature affects growth and nucleation rates significantly. 
At low temperatures growth rate decreased and nucleation rate increased. 
Water of crystallization also increased indicating partial transformation 
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of semihydrate into dihydrate (gypsum). The resulting high nucleation 
rate and slow growth rate for gypsum crystallization, under the condi­
tions of lower temperatures and lower acid concentrations, limted 
experimental work since the crystals obtained were iiot suitable for 
Coulter Counter analysis. It was shown that semihydrate can be crystal­
lized at a considerably higher growth rate and lower nucleation rate than 
gypsum. 
7. A laboratory procedure showed that the size distribution analysis 
of calcium sulfate semihydrate crystals, almost an impossible task by 
traditional methods, can be achieved by the use of the Coulter Counter. 
8. The atomic structure of a calcium sulfate crystal was studied 
and a theory was proposed for the control of the habit. This theory 
was experimentally tested by crystallization of semihydrate. Increase 
in calcium ion concentration decreased the lengths of semihydrate crystals 
but it also induced formation of spherulites. 
9. Incorporation of phosphate ions in the crystal structure was 
found to be negligible. 
10. A process flow-sheet and material balance were prepared for a 
new process. Important advantages of the new process are: 
(a) almost all of the in the phosphate rock can be recovered 
as phosphoric acid, 
(b) product phosphoric acid would be much purer and clearer, 
(c) corrosive fluorine compounds are removed in the first stage 
reaction in a single unit and can be easily recovered if 
desired, 
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(d) concentration of phosphoric acid produced is much higher and 
therefore an expensive evaporation process is not necessary. 
Acid can be directly used for triple-super-phosphate manufac­
ture or for the purpose of ammoniation, 
(e) the process can be completely automated and would require 
much less maintenance than the gypsum process. 
i:-5 
RECOMMENDATIONS 
1. Application of a mathematical theory of a I^iSMPR cr^ stallizer 
should be extended to other processes (e.g. process for ammonium phos­
phate, potassium nitrate, ammonium sulfate, etc.). 
2. Impurities have been used to control growth, nucleation and 
habits in a variety of commercial crystallization processes. Detailed 
study of their effects under different process conditions can be studied. 
The determination of the kinetic order can reveal the effect of impurities 
on nucleation. Determination of nuclei population densities and growth 
rates by a MSMPR crystallizer, under different conditions with and with­
out impurities can be helpful in understanding the relationship between 
process variables and impurities. Therefore, effect of impurities on 
nucleation and growth processes should be studied using the MSMPR 
crystallizer model. 
3. Advantages of higher suspension density in a J/ISÎ-EPR crystallizer 
have been discussed. However, the inability of the present-day techni­
ques to dissipate the feed solutions in the suspension quickly, thus 
maintaining its mixed characteristics throughout the suspension, prohibits 
use of higher suspension densities. New techniques should be developed 
for introducing feeds in large size crystallizers^ which would avoid 
localized regions of heavy supersaturation. Until then, however, all 
crystallization operations, where supersaturation is created by the 
addition of feed solutions (such as reaction crystallization) should be 
carried out in a number of smaller size crystallizers running in parallel. 
For the same residence time and production rate, two small crystallizers 
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in parallel would produce a better crystal distribution than one large 
crystallizer. Another pertinent recommendation is that the feed solu­
tions should be divided and introduced at many different points in the 
crystallizers. 
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NOMENCLATURE 
2 total crystal area, (microns) 
power constants 
crystal production rate, gm/hr 
area shape factor 
proportionality constants 
proportionality constant (growth) 
proportionality constant (nucleation) 
crystal length, microns, measured along a characteristic axis 
total number of crystals, numbers 
total number of nuclei, numbers 
total crystal population density, numbers/micron 
steady state total crystal population density, numbers/micron 
steady state total nuclei population density, numbers/micron 
suspension input point population density, numbers/micron/ 
O 
(micron) 
suspension output point population density, numbers/micron/ 
O 
(micron) 
point crystal population density at suspension surface, 
niombers/micron/(micron) 
total suspension flow rate, cubic microns/hr 
crystal growth rate along characteristic crystal axis, 
microns/hr 
steady state growth rate, microns/hr 
O 
supersaturation in solution, gm/(micron) 
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T residence time, hr 
t time, hr 
g 
V total suspension volume, (micron) 
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APPENDIX A 
Supersaturation 
Experimental values of supersaturation are very difficult to obtain. 
Supersaturation levels are generally extremely low and especially so for 
the cases of MSMPR crystallizers. Solubility of calcium sulfate in 
phosphoric acid is of a very small magnitude and it is affected by 
impurities. For example, it is reduced drastically by common ion effect. 
One method to experimentally determine the level of supersaturation 
in a M8(4PR crystallizer is as follows. First, a liquid-crystal slurry is 
removed from the crystallizer, and the crystals are immediately separated 
from the mother liquid, all at constant temperature. The clear liquid 
will adjust to the equilibrium level if it is allowed to stand for a long 
period of time. During this time the level of supersaturation will be 
depleted by further crystallization. After equilibrium conditions have 
been reached, the new crop of crystal are separated from the liquid, 
being careful to maintain constant temperature and to remove all of the 
liquid from the crystals. The weight of these crystals is directly 
related to the supersaturation level that existed in the crystallizer. 
Experimentally withdrawal of sample and its subsequent separation 
cannot be done in zero time and therefore, results may be erroneous. 
However, an attempt was made to find the supersaturation for several 
runs. Samples were withdrawn and filtered quickly. The mother-liquor 
was allowed to crystallize calcium sulphate at room temperature. After 
20 days this suspension was slowly heated to the original temperature 
of the MSMPR crystallizer from which the sample was taken. This heated 
12k 
suspension was filtered to separate the crystals formed due to sucer-
saturatif^* The superbaturation level vas calculated as grams of cal­
cium sulfate per gram of mother-liquor. Wo attempt was made to find the 
form of calcium sulfate crystals and it was assumed that they were semi-
hydrate. 
Knov'i^S steady state growth rate "r" and steady state supersatura— 
tion "S'% the value of constant "K " in the equation r = K can be 
R g 
found if b =1. From the theoretical and experimental work done so far 
in the field of crystallization, a value of one for "b" is considered to 
be quite appropriate. 
Exp^^ÎMental results and the evaluation of the constant are present­
ed in TaPl^ 10* It can oe seen from the table that supers at ura.t ion levels 
are quit^ low. ITie values of K obtained for three different runs are 
almost a^l the same. However, the actual values might be somewhat dif­
ferent dt^® to the experimental errors. 
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Table 10. Estimation of proportionality constant K using growth rates 
and supersaturation levels ^ 
Run No. Temp Residence % Growth Super- ^ 
C° time T suspension rate r saturation 
minutes density microns S s Û 
gms./lOO gms. per hour gm./gm. 
31 76 38.3 3.763 84.9 4.86x10 ^ 
4 
17.5x10 
46 70 42.1 1.950 78.3 
-4 
3.93x10 
4 
19.9x10 
48 70 42.1 3.760 91.0 4.58x10"^ 
4 
19.9x10 
Presented on the basis of gram per gram mother-liquor 
